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ABSTRACT

The heataffected zone (HAZ) of a thermite weld conta
softer parts that are weak and need to be modified for b
rail performance.This study examines how welding he
inputs of FCAW, and preheating temperatures affect

microstructure and hardness of its weld metal and HAZ a
repairing the weak area of thermite welded rail. To imprc
the weak are@® microstructure and hardness withol
degrading the original thermitgvelded rail, a groove wa
carved from the centeof the HAZ on the rail head and fille
using fluxcored arc welding. The investigation used t
welding currents and preheating temperatures referred to
FCAW 1 and FCAW 2. The optical and electron micros
characterization of the pearlite microstrice and
interlamellar spacing were carried out. Additionally, mic
Vickers hardness testing is done. The typical hardness o
HAZ in FCAW 1 was 410 HV, whereas, in FCAW 2, it wi
HV. The interlamellar spacings of HAZ in FCAW 1 and |
2 are 80 ad 105 nm, respectively. The faster cooling me
pearlite interlamellar spacing finer. The decrease in lame
spacing leads to an increase in hardness. For ther
welded rail head surface HAZ repair, greater heat input

preheating temperature with sl cooling rate work.
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1.INTRODUCTION

Railway steels are manufactured with exact specifications and joined together to provide
a continuous structure for railway systems. In the contexthefrailway infrastructure, it is
essential to investigate the characteristics of-taélded sectionsBonniotet ald2018;Jiang
et ald 20171 In recent times, there has been a significant change in the method used for
joining railway tracks, since the traditional method of employing plates for bolting has been
replaced. However, it is generalbpserved that bolted joints exhibit higher maintenance
expenses and are susceptible to failure at the joints. Continuous welded rail is utilized for
several significant reasons, with the primary objective being the reduction of maintenance
costscskyttebolet alb20050 The installation of continuously welded rails results in a smooth
surface in comparison to rail junctions that are fastened with bolts. It allows the train to pass
more efficiently and reduces any unwanted vibrations and noisesiser, 19780 The safety
and stability of a continuous rail system depend mainly on the quality of the welded joint
between rails(Lesageet al., 2023) Welded rail sections have different microstructures and
mechanical properties than rail steel. Thus, damage to the welded rail and damage to the
original rail are differentKendallet ald2024)

Thermite welding is one of the most employed processes to install new rails and repair
broken rails around the worldyuanet ald 2010 Saitaet ald 20131 Thermite welding is a
recognized technique in field operationsie to several factorsKewalramanket al., 2023)
These include the reasonable cost of equipment and consumables, a simple setup process, no
disruption to routine railway operations, the portability of equipment, and the ability to weld
many railsd. fefa@ 1999 Schroede& Poirier, 19841 The rail weld joint quality is affected
by a significant component, namely the reduced hardness observed in the softening zones.
These zones are present at the endtloé heataffected zone (HAZ) close to the base rail
ANVeingrillet alp2019)

The primary damage originates mainly from the alterationstia metallurgical and
mechanical characteristics of the HAZs et ald® 2020) The most common microstructure
observedn rail steel utilized in global railway industries is mostly pearlite microstructure. This
is attributed to its high strength, good wear resistance, and -effgictive manufacturing
olressiaet alp2020 One of the primary challenges associated with thermite welding relates
to the undesired spheroidization of pearlite and the subsequent decrease in hardness
observedinside the HAZegion d_iu et ald® 2021 Numerous investigations have provided
evidence supporting the presence of reduced hardness and the formation of a spheroidized
microstructure inside the HA@f thermite-welded railsdKozyrewet al®2020;Liet alp 2011
a S NéPal 20021 The hardness value of the HAZsHewnto be lower than that of the rail
steel, which can result in significant localized plastic deformation and battéfingt ald
20201 In the past, rail grinding was used to remove the batter. Weld batter cannot be
controlled specifically by rail grindinfylutton & Alvarez 20040 As a result, it is important to
explore another option for enhancing the soft regianthe HAZDf thermite welds.

To minimize plastic deformation, commonly referred to as batter, occurring on the running
surface of the raiin the HAZof a thermite weld,Hernandezet ald(2016)employed laser
cladding. Nevertheless, a significant challenge in laser cladding is the presence of martensite
phases. This study demonstrates the effective improvenwdnthe HAZn thermite welds
using laser cladding technique accompanimBdcontrolled heat treatments. Due to its high
price and limited applicability in the field, laser cladding is difficult to select. Hence, it is
necessary to determine and evaluate an affordable welding technique.
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Fluxcore arc welding (FCAW) is a commonly used welding technique for the maintenance
of damaged railsDahlet al® 19951 FCAW mainly utilizes fhoored wire electrodes rather
than solid wire electrodes. Several researchers have conducted studies on the repair of
running surface rails usingas metal arc weldingnd fluxcored arc velding methods
dGrossoniet ald 20221 Allie et ald 2011a; Aglanet ald 2013 Allie et ald 201Dl Previous
investigations focused exclusively on the repair of damaged rails.

A potential issue of thermite rail welding is the occurrence of surface defects on the welded
rails before the joint's expected endurance. In the industry of railway infrastructure, this
problem has existed for a very long tin@ver a long period of application, thermiteelded
rails may undergo the formation of surface defects. One limitation of thermite rail welding,
which adversely affects the endurance and strength of the weld, is the formation of cementite
spheroidization ad the subsequent reduction hardness observeih the HAZof the
thermite weld.To effectively handle this problem on the service rails imperative that the
methods used are both easy and effidien

Moreover, a groove on the worn thermite weld surfaceopferational rails is simple to
create. Fluxcored arc welding is highly practical for field sites due to its ability to utilize the
same power source as MMA welding. There is no need for expensive procedures or
equipment to repair the damaged surface oretlthermite weld at the railway site. The
parameters and results obtained from this study provide the potential for fast and cost
effective implementation in the actual railway engineering industityis study aims to repair
the soft zone at the intecritical HAZ of thermitevelded rails using FCAW, variable welding
heat inputs and preheating temperatures. This study also examines how welding heat inputs
and preheating temperatures affect the microstructure and hardness of FCAW weld metal
and its HAZ.

2dMETHODS
2@dExperimental Procedures

The R260 rail steel type was joined together using the thermite welding process. Thermite
welding was performed with an Australian Thermit welding set. -Eaned arc welding
(FCAW) with a 1.6hm pearlitic wire electrode was used to fill a slot that was 10 mm in
diameter and 5 mm in depth mRS & GKS {KS gdeFigse 19Thé RQa
guantitative analysis of chemical composition forraseived R260 rail and thermite weldas/
examined using a Thermo ARL Model 3460 optical emission spectroscopy TaHS)1
provides the chemical composition of the welding electrode, thermite waidi rail steep
The chemical composition dhe FCAW electrodavas from the manufacturébAn OES
technique wasemployed to analyze the chemical composition of rail steel and thermite
weldsdWelding voltage, travel speednd electrode polarity were 25 V, 45 mmin, and direct
current electrode positivéeDCEBfor both conditionstA flow rate of 20/ min was maintained
using pure Cgygas as a shielding gas

This study compares two welding conditions with varying currents and preheating
temperaturesbrhroughout the paper, the first condition will be referred to as FCAW 1 and
the second as FCAVWRZCAW 1 used a welding current of 200 A apteheating temperature
of 350°C, whereas FCAW 2 used a welding current of 250 A& aneheating temperature of
500°GPrhe heat input of FCAW 1 and FCAW 2 wak&m and 8 kkcm, respectivel§lo
perform welding on railway steel, it is necessary to subject it to a @ghg process at a
temperature of 350C as determined by the carbon equivalent calculation outlined in
equation 1Alhassant Bashiry 2021 resulting in a carbon equivalent value ¢84: ®he
FCAW 2 sample wasrapped with a ceramic wool blanket after welding to keep up the
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cooling rate, but the FCAW 1 sample wasdkogure 2displays a flowchart outlining the
concise experimental procedures for two different conditions.

A M A~ M M M [
| . . ™ 4
/ I Nb 2y Sdiﬁxl’zi\fﬂélafy's%#ﬁp/ u3a 26 A o

Rail 1 HAZ 1 'M HAZ2 Rail 2

Figure I8chematic of groove location to repair thermite HAZ

Table IChemical composition of FCAW electrode, rail steedl thermite weld metal.

Elements C Si S Mn Cr P Ni Mo V Cu Al Fe

FCAW o®3 0®4 T 1 08 T T 0®3 T T T Rest
Electrode
Rail Steel 08 081 O0®1 OP5 O0d4 0@ T T T T T Rest

Thermite 0®4 O0®7 0®07 105 O0®8 - 007 0®3 009 O0D3 OB6 Rest
Weld
FCAW 1 FCAW 2
[ Making a 10 mm @ x 5 mm ] [ Makinga 10 mm @ x 5 mm |
depth groove on the HAZ of depth groove on the HAZ of
thermite weld ) L thermite weld )
Preheating at 350 C Preheating at 500C
[ FCAWusing200 A | [ FCAWusing250 A |
(6.7 kl/em) (8.3 kl/cm)

Figure 2.Schematic brief experimental procedures.
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2@. Metallographic Analysis

The macrostructure of the repaired HAZ of thermite weld on the rail head surface using
FCAW welding &s crosssectionallyanalyzed using an Olympus SZP stereo camera. An
optical microscope (OM) from Carl Zeiss Axio Scope.Al and a Quanta 400 FEI scanning
electron microscope equipped with Oxford energy dispersivayXspectroscopy (EDX) were
employed for the microscopic alysis. The metallographic samples were ground using a
series of silicon carbide papers and a suspension of 3 gumina. To reveal the
microstructures, a solution consisting of 2#ric acid and 98%thanol, known aghe 2%
initial solution, was employefbr etching all of the samples.

2@. Microhardness Testing

The MMEX7B model micrd/ickers hardness tester, made in Japan by Matsuzawa
Company, was used to collect the measurements over a @®sson of the welded rail
sample at various locations, such as the weld métalZ and base rail. Under 2 mm from the
top surface, the micrevickers hardness of the samples was measured. Loads of 200 g (HVO0.2)
and 10 secods dwell time were used to capture the hardness profiles at intervals of 0.5 mm.

2®dMeasuring the interlamellar spacing of pearlite

The interlamellar spacings of pearlite were measured on SEM images using Image J
softwaredT he interlamellar gacingof pearlite from the base Rail steel, thermite weld metal,
HAZ of FCAW, and HAZ of FCAW Zasmeasured and the obtained results were compated

34RESULTS AND DISCUSSION
3ddDptical Microscopydacro and Microstructure

The macro and microstructures of FCAW 1 and FCAW 2 as captured by an optical
microscope are depicted iRigures 3 and 4din Figures 3 and 4, the macrographs show a
variety of locationsincluding theHAZand the weld metal fronthermite and FCAWand
confirm that no cracks andefects were present in the cromectional welded samp{&he
HAZ sizes of FCAW were measured at 2 mm from the top surface of the railhead, and they
averaged around 5 mm on both sidi#scan be observed in the macrographs that the FCAW
weld metal and HAZ appeared between the boundarthefthermite weld and the base ra
This also indicates that both thermite weld metal and base rail steel were unaffected by the
FCAW procesThe location of specific microstructurés shownon their corresponding
macragraphs of FCAW 1 and FCAWSsRe Figures 3 and 4)®In both conditions, the
microstructures of thermite weld and its HAZs exhibit pearlite microstructures mith
eutectoidferritedNear the base rail, where the HAZ of the thermite ends, spherodized pearlite
microstructureis showriiBecause of its altered microstructure, this region of thermite weld
is rather softbThe main purpose of this research is to improve this specific area using the
FCAW process

Thermitewelded samples can be analyziegexamining five main locatiod® he regions
for investigation includeveld metal BNVMQ the coarsegrain HAZACGHAY the finegrainHAZ
d-GHAJ intercriticalHAZACHAK and the base raiBurapaet al., 2024%in both conditions,
the microstructure of the thermite weld and itdA% is simila@®The thermite weld metal
microstructure shows pearlitic microstructure with larger grain and some mputectoid
ferritedhe HAZs of thermite welded rail consist of three distinct zéhkeeHAZadjacent to
the thermite weld metal exhibits a pearlitic microstructure with a larger grain size, but smaller
than that of the weld metaiThe grain size of the CGH&Zarger in comparison to the grain
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size of the FGHAahd ICHA®@NIithin CGHAZ and ICHAZ, the pearlitic FGksZdentifiedd
The ICHA®as observed at the boundary of HAZ adjacent to the base rail@teelR260 rail
was utilized as the base material for both conditidike microstructure of the R260 rail is
composed ohfully pearlitic structurdPearlitic microstructure with fine grain shownin the
HAZs of FCAW in both conditigiearlite microstructure is influenced by its interlamellar
spacingHowever, under an optical microscope, pearlite's interlamellar spacing is not wsible
The microstructures of FCAW weld metals exhibit variations under different conditnotine
case of FCAW 1he weld metal's microstructure is bainite, whereas theeld metal
microstructurein FCAW 2 is entirely acicular ferdiecan be noted thavarying heat inputs
and preheating temperatures altered the FCAW weld microstructure.

o

HAZ-FCAW PRNESEEREE

WM-FCAW

Rail Steel

WM

Base Rail
(Thermite )

HAZ
(Thermite )
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FGIIAZ-TW ICHAZ-TW [
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ICHAZ-TW
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Figure4dMacro and microstructure (Optical) of FCAW 2
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3@dscanning Electron Microscopy (SEM)

SEMimages of pearlitic rail stee€R26@under different magnificatios are displayed in
Figure5dThe SEM micrograph Figure 5 (aghows cementite as white and ferrite as black.
The color of pearlite microstructure revealed in SEM images differs from light micrographs
When observed at high magnification, the lamellar eutectoid structure of pearlite becomes
visible in an electron microscopic image with greater resolution, as showigumepb. The
pearlite structure can be identified by its presence of a parallel nanoscale lamella structure
composed of ferrite and cementi®The formation of thisstructure originates from the
isothermal decomposibn of austenite at around 728Carbon steel containing a pearlitic
microstructure is commonly employed as the primary material for rail dfEe¢ lamellar
microstructure referred to as pearlite consists of aligned cementite lamellae embedded inside
a softer ferrite matridT he pearlitic rail steel exhibits higher wear resistance and strefdi
mechanical properties of this microstructure are vmllited for utilization in the railway
dNikaset al., 2017, Masoumiet al$2019)

In Figure6, the SEM micrographs of thermite weld metal with different magnificateme
shown. The microstructure of thermite weld metal exhibits a lamellar pearlite structure.
When comparing the base rail steel, it is observed that thespitectoid ferrite phase exhibits
scattering within the pearlitic microstructure in the thermite weld metal, as showkiguire
6a. Since the process of thermite welding can be considered a form of casting, it was
anticipated thatthe weld metal microstructurevould mostly exhibit elongated and coarse
grains that are oriented along the direction of heéetnsfer. The occurrence of peutectoid
ferrite formation in the weld metal microstructures can be attributed to the interaction
between the peak temperature and the rate of cooling. The interlamellar spacings of pearlite
in the thermite weld metal are narrower than those of the basd. Figure 6bshows the
microstructure of thermite weld metal at higher magnification.

Figure 7displays the SEM images revealing the spheroidization of pearlite at the ICHAZ of
thermite weld metal under different magnifications. The images are taken at two different
magnifications: 25,000X iRigure 7aand 50,000X idrigure 7b Spherical cementite phases
were observed under the SEM. The spheroidized microstructures exhibit an appearance of
cementite in a spherical morphology, which is uniformly dispersed throughout a ferrite
matrix. The spheroidization process typically takésce at the etectoid temperature of
723°CHegredeet aldb1993) Pearlite commonly has a lamellar morphology. The formation of
a spheroidized microstructure results in reduced hardness, hence rendering the HAZ
susceptible to weakenin@)o & Muangjunburee, 2023)

Figure 8shows the SEM micrograph of FCAW weld metal under different conditions. The
microstructure of FCAW weld metal varied depending on the welding conditions. Bainite
microstructure is visible in the weld metal of FCAWifjre 83, whereas acicular ferrite with
metallic inclusions comprises the weld metal of FCAWigure 8b. During the process of
bainite formation, the ferrite phaséransformsa lath morphology that is aligned with the
austenite grain boundaries. In contrast to bainite, the formation of acicular ferrite occurs
through nucleation on the surface of intragranular nonmetallic inclusibisdariagaet ald
20010 The initial acicular ferrite plates develop on the raoetallic inclusions, while the
nucleation of secondary acicular ferrite takes place on the initially formed ferrite platesr
et alp20171
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Figure6dSEM micrographs ehermite weld metakav5,000 x magnificatiod050,000 x
magnification.

Figure7. SEM micrographs of spheroidized cementite at intercrititAZ of thermite weld
(a) 25,000 x magnificatiofb) 50,000 x magnificatian
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Figure84SEM micrographs of FCAW weld mé@aFCAW THhoFCAW 2.

The elemental microanalysis of FCAW 1 weld metsd conducted using EDXhe EDX
spectra investigated on the SEM image of FCAW 1 weld metal are shbigniie9. The weld
metal of FCAW 1 is mainly composed of iron (Fe), and small amountangfanese (Mn),
silicon (Si), and chromium (Cr) are also detected. Three locations were examined on the SEM
image. The results of elemental spectra exhibited similarity across all points.

Figurel0shows the SEM image of FCAW 2 weld metal and its EDX spectra. The main area
of the EDX analysis in FCAW 2 weld metal was metallic inclusion. The detected components
in the inclusion were determined to be a mixture consisting of titanium oxide and manganes
sulfide. The EDX spectra show that the inclusion &dsgh concentration of oxygen,
manganeseand titanium, anda low concentration of sulfur. The inclusion of titanium and
manganese is important for the formation of acicular ferrite. Titanitan react with oxygen
to generate various titanium oxides. These titanium oxides have been identified to have a
high level of reactivity, particularly in serving as nucleation sites for the formation of acicular
ferrite. The high content of manganese facilitates the incorporation of inclusions and
promotes the initiation of acicular ferrite formatind_oderet alp 201717 Specifically, the
inclusion contains two different regions, characterized by various colors of grey and black.
Based on the results of spectrum 1 at the grey area, high concentratiansioganese and
titanium were observed. The results from spectrum 2 characterized at the black area exhibit
somewhat lower levels of titanium and oxygen in comparison to the elemental analysis results
of spectrum 1. It can be noted that the color of the urszbn is influenced by the concentration
of titanium present inside it. The results of spectrum 3 and spectrum 4 show the comparable
elemental composition results of FCAW 1.

The SEM microstructure of the HAZs for FCAW 1 is depidteglure 11at a magnification
of 10,000x and ifrigure 11bat a magnification of 50,000kigure 12aand Figure 12bshow
the microscopic structures of the HAZs for FCAW 2 at 18,800 50,00 magnification,
respectively. The lamellar pearlite microstructure has been revealed in both cases. The
lamellar spacings of pearlite exhibited variations under different welding conditions. In the
context of FCAW 1, the use of lower heat input and shopteheating temperatures, in
comparison to FCAW 2, led to an accelerated cooling rate. A more rapid cooling rate leads to
the production of a finer lamellar spacing of pearlite due to the accelerated transition of
austenite into pearlite. A reduced interlart@r spacing contributes to enhanced hardness in
the steeldViodi et ald2001)
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